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A  FBOCSODRB  FOR  CALCULATIRG  THI  BOJJStSASLJ-Uim 
SSTSLCTKSrr  IK  THS  ESGIOK  OF  TRAWSITIOK 
FROM  LAKIKAR  TO  imBULSKT  FLOW 

Prepared  by: 

Jeroae  P^rsh 


ABSTRACT:  A  aethod  for  calculating  the  development  of  th4» 
boundary  layer  in  the  region  of  transition  from  laminar  to 
t turbulent  flow  la  given.  This  method  Is  based  on  empirical 
correlations  of  a  large  amount  of  experimental  velocity  pro¬ 
file  data  In  the  transition  region  for  inccmipresslble  and 
compressible  floss  with  and  without  pressuro  gradients.  The 
velocity  profile  correlations  and  an  assumed  skln-frlction 
lav  are  tised  In  conjunction  with  the  boundary-layer  momentum 
equation  to  predict  the  development  of  the  boundary- layer 
parameters.  Within  the  framework  of  tin  jissumptions  the 
meiaod  Is  valid  for  Incompressible  and  oaapresslble  flows 
with  and  without  pressure  gradients  and  heat  transfer. 
'Several  examples  are  given  which  Illustrate  the  boundary- 
layer  profile  history  In  the  trasuiltlon  region  of  general 
body  shapes. 
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rffpo;- ;  "oniiiiiUi  the  results  of  so  investl- 

gation  of  ;*«  bounds.  ;  layer  In  the  reg.lon  of  tr<nnsition 
i'rot  inm'.  :  to  tttrh  ^ent  flow.  This  work  waa  undertaken 
.  a  calcuAatlon  scheae  to  bridge  the  gap  between 

lanlnar  n  turbulent  flow.  Since  the  procedure  outlined 
herein  le  '.principally  Intended  £cr  arbitrary  oody  shapes, 
its  useft^  Vness  will  be  aost  api>arent  for  aissile  applica¬ 
tions.  '  e  results  obtained  are  of  practical  iaportance 

.he  Jt^ign  of  current  and  forthcoaing  high-speed  aissiles. 
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SYMBOLS 

cf  -  local  akin-'frlctlon  cpefflcicnt  Baaad  on  fra«- 
atrean  proportion,  2*#/p^tii«2 

cfv  >  local  skln-frlctloa  cooffiolont  baaod  on  wall 
proportion,  2f«/pyUe2 

cp  -  specific  boat  at  constant  prossuro 

h  -•  local  heat-traoafor  coofficiont 

H  -  boundary-layer  shape  paranotor,  6*/B 

Hinc  boundary- layer  shape  paramter  for  Inconpressible 
flow  d‘*inc/®inc 

k  "  thermal  conductivity 

Nu  Nusselt  nunber,  hxA 

n  •  exponent  in  power  law  velocity  profile  representation 

p  pressure 

P0'  stagnation  pressure 

Pr  *  Prandtl  nunber 

q  -  rate  of  heat  transfer  per  unit  area 

B  >  radius  of  axisynmetric  body 

Bes  *  Beynolda  nunber  based  on  nomentum  thickness, 

Bov  Beynolds  ntaber  based  on  distance  and  wall  propartioa, 

Pw«e»/»*w 

s  ■  distance  along  surface  fron  stagnation  point 

T  ■  tenperature 

To'  *  stngnation  tenperature 

u  ■■  mean  velocity  componirnt  in  s-dlrection 

d  total  boundary-layer  thicknesii 

d*inc  *  displacement  thickness  for  ine^>ress;"->le  flow 
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«*inc  -  j  <l  -  S;)  dy 

4*  -  dieplaceMnt  thiokBeea  for  covpreeBlble  flow 
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Rlnc  *  ■(Mentua  thlckoess  for  ineoapresBible  flovu 


0  «  noaentiai  thlokaesa  for  eoapresalble  flov 


«c  *  Angle  between  nomnl  to  eurfeoe  of  n  given  body  ud 
flow  direction 

t  ■  ratio  of  apeciflc  heat* 

p  density 

p  •  viscosity 

03  ■  exponent  in  viscosity  tesperature  relationship 

Subscripts; 

ad  ■  equilibriua  wall  teapsrature  for  ssro  heat  transfer 

e  "  values  based  on  local  frse-stroas  conditions  outside 
boundary  layer 

ino  inoospressible  flow 

Las  "  laninar  flow 
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■AS  -  asslaua  valu* 

n  «  trsnsltloa  ragioa 

Turb  «  ttn’buleat  flow 

w  valows  iMMd  on  wall  eondltlona 

00  values  bas<vd  on  eondltlong  ahead  of  aorsal  ahoob 

wave 
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A  FROClDUll  FCtt  CALCia4I^TlI9G  TU 

DSVRLOFIlBlfT  IK  TR8  KKGlOK  Of  TIAKRlTXOK 
FlOi  LAIIIKAR  TO  TURBUUDIT  FLOW 


INTROlOVCTlCRf 

1.  Probably  the  weakest  link  iu  the  calculations  of  wall 
t.uperatuics  and  beat  transfer  to  arbitrary  body  shapes  is 
rhe  location  of  the  transition  "point'\  Kueerous  theoretical 

1  restiaations  (for  exaaple  references  a,  b^  and  c)  of  laainar 
boundary-layer  stability  and  experiaental  inyestigations  (refer 
ences  d,  e,  smU  f  as  >exaaple8)  \\aye  been  conducted  in  an  effort 
to  predict  the  location  of  transition  for  arbitrary  bodies  and 
free-streaa  conditions »  Despite  these  extenslTe  investigations 
a  quantitative  Mans  for  detemining  the  transition  location 
is  still  not  available.  Although  it  is  shown  in  the  thorough 
investigation  of  experiaental  transition  data  conducted  by 
Probotein  and  Lin  (reference  g)  that  the  qualitative  trends 
predicted  by  stability  calculations  are  sore  or  less  verified 
by  experiaents,  little  can  be  concluded  as  far  as  quantitative 
inforaation  is  concerned. 

2.  Another  serious  deficiency  in  the  current  calculation 
scheaes  is  the  neglect  of  the  transition  region.  The  usual 
procedure  is  to  terainate  the  laminar  boundary-layer  calcu¬ 
lations  at  an  assumed  transition  |K>int  and  froa  this  point 

on  downstream,  it  is  assumed  that  fully  turbulent  flow  exists. 
While  this  procedure  yields  a  conservative  result  froa  a  heat 
transfer  standpoint,  it  Is  conceivable  that  conf igurations 
that  are  actually  acceptable  aay  bs  rejected  because  of  exces¬ 
sive  conservatism  due  to  this  technique.  Since  the  behavior 
of  the  boundary  layer  on  a  given  body  shape  depends  on  a  com¬ 
plicated  combination  of  such  parameters  as  the  geometry,  pres¬ 
sure  gradient,  heat  transfer,  etc.,  cases  aay  arise  where  the 
surface  is  alaost  entirely  covered  by  transition  region  flow. 

On  the  other  hand,  it  is  reasonable  to  suppose  that  body  shapes 
aay  be  devised  that  encourage  the  existence  of  transition  re¬ 
gion  flow.  Consequently,  since  the  heat  transfer  due  to  a 
transitional  boundary  layer  can  be  substantially  Isss  than 
that  for  a  fully  turbulent  boundary  layer,  this  procedure  aay 
provide  a  aesnai  for  alleviating  serious  beat  transfer  situa¬ 
tions, 

3.  The  present  investigation  was  therefore  inaugurated  to 
determine  whether  or  not  a  method  for  calculating  the  boundary- 
layer  development  in  the  transition  region  could  be  devised 
with  the  experimental  and  analytical  information  at  hand.  It 
was  found  that,  when  the  boundary-layer  amentum  equation  is 
used  in  conjunction  with  eapirlcal  correlations  of  a  large 
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<n 


in  tha  tranaition  rofioR, 


e.  ovar  a  givan  Durfaoa  tha  naadad  vaiuaa  of  tha  atraaa 
proportlta  u«  aad  Jimt  outaido  tha  boundary  layar  ara  ob- 
tainad  fi>o«  aithar  axpftriMDtali  prtaauia  dlatrlbutloa  data 
or  froa  it  oaloulation  aohaM  vhloh  la  nivan  la  Appandli  A. 


7.  Aa  ta  uBualif  dona,  the  ialtlal  litalnar  flea  la  oalou- 
iaiad  uadag  an  aypropriata  aaalytloal  iiatbod  (Appaodis  A)  up 
to  tha  {Mint  whara  it  la  aaauaad  that  tranaltloa  iitarta.  At 
this  point  on  tha  aurfaoa,  tha  valuaa  of  tha  bouadarr-layar 

rropartlaa  auoh  aa  tha  akln-fr lotion  coafflciant  (o;),  bouadary- 
ayer  ahapa  paranater  (6*/9}a,  and  the  aoMni-vQi  thloicBaan  (Pq) 
are  known.  Thin  la  aufflolant  Infoiraatlon  to  atart  tha  traaal- 
tlon  region  oalculationa,  Tha  fouowlng  aactlona  dlaouaa  tha 
procaduraa  to  l>a  uaad  for  oaioulatlng  tha  naadad  akin-frlotlon 
ooeffiolenta  and  tha  naadad  valuaa  of  b*/9  In  tha  tranaltloa 
raglon. 
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ctlon  Coefficients 

B.  It  ♦-  A.iK’''’  -  '  •  .yico  (J>  fro«  ft  Iftrge  collection  of 

s  ,.s.»  '  ■;  .  i..  .-weftftlbl*  flow  thftt  tb«  Bkin-frlctlon 

,,.v  i.rftoftltlo'n  region  Wftrlea  with  Heynoldn 
VAiyMuer  ftcscordlng  to  a  lew  of  the  fora: 


^•'f 


t,if 


®*TWb 


cone tent 

le^^ 


(3) 


In  the  ftbeence  of  experlaentftl  detn  to  eonflra  or  reject  this 
fora  of  the  treneltlon  region  ftkin-frictlon  lev  for  coapreftslble 
flown,  it  will  be  nneuBed  that  the  forn  of  Iqufttion  (2)  is  np- 
plicftble  for  all  CAses  which  are  considered  herein,  it  is 
interesting  to  point  out  here,  that  when  B*p  becoMs  very  large 


«ftr  »  «*Turb 


and  the  results  obtained  will  therefore  fair  snooihly  into 
the  turbulent  soae  of  a  given  body  shape. 

8.  The  value  of  the  constant  in  Iquatioa  (2)  in  p*iaeiiially 
a  function  of  the  asstsHd  value  of  Beg  at  the  star',  .^t  transi¬ 
tion,  however,  it  does  depend  soaewhat  on  the  oircwstaticen  of 
the  particular  calculation.  This  constant  is  deteniined  in  the 
following  nanaer.  At  the  assuaed  point  where  transition  starts 


®*Lan  "  ®*tr 


(4) 


For  the  oaleolnted  Inainar  value  of  Beg,  a  value  of  cgi>u»|,  is 
deterniaed  using  either  the  equations  and  procedure  deBcrlbed 
in  reference  (kj  or  another  theory  which  adequately  predicts 
turbulent  boundary-layer  iik^n-frictioa  coefficients,  This 
infomation  is  sufficient  to  detemiae  the  value  of  the  con¬ 
stant  for  a  given  calculation,  it  should  be  polntac  out  here 
that  since  the  values  of  ofj^  and  ctTurb  xre  aoaewbat  dependent 
on  beat  transfer  and  pressure  gradient,  the  value  of  the  con¬ 
stant  will  depend  on  these  quantities.  The  Infli^enoe  of  thhse 
effects  is,  ia  general,  fairly  snail,  and  as  nentleaed  before 
the  value  of  the  constant  depends  nalnly  on  the  valur  of  Bes 
at  the  start  of  transition.  An  illustration  of  several  typical 
transition  region  shin-fr lotion  curves  is  given  in  figure  1, 
which  shows  the  varlntion  of  of  with  Bsa  for  Inocapressiblw 
fist  plats  flow.  For  this  particular  case,  Figure  2  shows 
the  variation  of  the  constant  in  Bquation  (2)  with  aaswed  value 
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of  R09  at  the  start  of  tranaltloa. 


Boundary-Layer  Shape  ParaMter 

10.  !t  cnn  he  aeen  from  Equation  (1)  that  in  addition  to 

values  of  cf^.,  it  is  necessary  to  have  a  Means  for  detemln- 
irif;  the  values  of  the  boundary- layer  shape  paraaeter  in  the 
transition  region.  It  was  shown  in  reference  (h)  that  tran- 
sltlor  region  boAndnry-layer  velocity  profiles  froM  a  single 
parameter  family  of  curves  when  correlated  with  the  incompres¬ 
sible  definition  of  (H^nc)* 

11,  Using  these  experimental  data,  the  behavior  of 
tlu-ough  the  transition  region  was  plotted  as  a  function  of 
A  Ror  where 


A  Res  -  (Re^), 


(ReR)^^^rt  qjc  tranmition 


(5) 


The  data  are  dotted  in  Figure  3  on  a  logarithmic  scale  and 
a  faired  curve  la  shown  in  Figure  4  on  a  Cartesian  coordinate 
scalo.  In  view  of  the  inacctiraoies  Inherent  in  the  determina¬ 
tion  of  (6*/9)inci  correlation  shown  in  Figure  3  Is  rs- 
markabls.  Thoss  results  indicate  that  over  a  wide  range  of 
flow  conditions,  the  transition  region  covers  a  length  of  body 
sv.rface  corresponding  to  an  inoreass  in  Ror  of  about  1000. 

The  fairly  large  scatter  in  the  values  of  (d*/0)inc 
end  of  transition  Is  due  to  the  fact  that  (d*/0)ino  for  turbu¬ 
lent  flow  is  a  function  of  Ror  itself,  and  since  these  data 
represent  s  vide  variety  of  values  of  ReR  at  the  start  of 
transltioj)  It  is  to  bo  wxpectad  that  (d*/d)ino  ot  the  end  of 
transition  will  vary  somewhat.  It  should  be  pointed  out  that 
the  calculation  scheme  given  hex'eln  accounts  for  the  Reynolds 
n\uaber  influence  on  (d*/0>iDO  at  the  stait  of  turbulent  flow. 
This  Is  beoausa  the  method  for  determining  turbulent  boundary 
Bkin-friotion  vioef f ioients  given  in  rsfsrsnoe  (k)  takes  into 
account  the  variation  of  (d*/d)g|)o  on  the  valuew  of 


Calculation  Procedure 

12.  The  procedure  for  oiiloulatlng  the  boundary- layer  develop¬ 
ment  in  the  transition  region  for  inoomprosaible  isothermal 
flow  is  straightforward.  At  an  assumed  transition  point,  the 
values  of  0,  cfnn,  and  (0*/9)ino  a*"*  available  from  the  laminar 
boundary-layer  calculations,  This  information  together  with 
the  velocity  distribution  and  known  geometry  is  inserted  into 
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Equation  <1)  and  a  value  of  0  nay  be  calculat*)d  at  aone 
snail  arbitrary  Increnent  of  distance  s.  Fron  the  koovn 
conditions  outside  the  boundary  layer,  the  value  of  Reg 
at  this  nev  position  can  then  be  calculated  and  the  value 
of  A  Roa  deternlned.  This  value  of  A  Reg  is  used  with  cither 
FlRure  3  or  4  to  determine  the  value  of  Knowlodse 

of  Reg  at  this  new  point  also  yields  cf^,.  fron  Equation  (2). 
The  procedure  is  then  repeated  in  a  stepwise  Manner  along 
the  body  surface  until  the  end  of  the  body  is  reached.  As 
mentioned  before,  the  transltlou  region  results  obtained 
fair  smoothly  into  the  turbulent  sone  and  therefore,  this 
procedure  is  applicable  for  the  entire  body  surface  downstroan 
of  the  laminar  flow  region. 


13.  For  compressible  flows  with  and  without  heat  transfer 
the  procedure  must  be  modified  somewhat  because  Equation  (1) 
requires  the  use  of  (6*/g)(j  rather  than  (d*/9)itic<  To  de- 
terviloe  values  of  the  velocity  profile  correlation 

ourve  given  in  reference  (h)  is  used  in  conjunction  with 
Fifpire  3  or  4,  For  convenlencf/  the  velocity  profile  correla¬ 
tion  curve  is  given  herein  as  faired  curves  for  clarity  pur- 
pr^ses  (Figure  5),  The  reader  is  referred  to  Figure  1.3  of 
reference  (h)  which  shows  the  experlsental  data  from  which 
this  set  of  faired  curves  was  prepared. 


14,  Values  of  (6*/8)c  for  use  in  Equation  (1)  are  obtained 
in  the  following  manner.  Using  the  curves  shown  xn  either 
Figure  3  or  4  the  value  of  (d*/g)lnc  i*  determined  at  each 
(luocesslvs  point.  This  value  of  (d*/6.)i|]c  used  with  Fig¬ 
ure  5  to  determine  the  variation  of  u/u«  with  Since 

i:he  value  of  (6*/B)c  is  defined  as 


y/Biaa 


T^U  y 


fy/^inc 


Teu 
T  Ua 


-  S:>  "  <*i.c> 


(6) 


this  integration  may  only  be  carried  out  if  the  temperature 
distribution  across  ths  boundary  layer  is  known.  The  folloW' 
ing:  slsple  expression  for  the  temperature  distribution  la 
us'Cid  (reference  k); 


5 


NAVORD  Report  443B 


T  Tw-Tjd  /  u  \  Tad-Tfl  /  u  \  ^  (7) 

To  '  \  /  Tq  \  Uq  / 


ValuoH  of  Tud  Wfo  obtained  fro« 


r-1  o 

7^  i  +  *•  2  “e*  (8) 


whoro  a  mean  value  of  the  recovery  factor  (r)  (aay  r  0.87), 
is  sufficiently  accurate  for  the  present  calculations, 

15.  With  the  exception  of  the  determination  of  the  values  of 
{6*/9)q  for  the  compressible  flow  case,  the  procedure  for  calcu¬ 
lating  the  boundary -layer  behavior  in  the  transition  region  in 
the  same  for  both  incomprossible  iind  oompresslble  flown  with 
and  without  heat  transfer. 

10.  At  this  point,  it  is  important  to  point  out  the  basic 
assumptions  inherent  in  the  procedure  described  and  also  how 
these  may  affect  the  validity  of  the  results  obtained,  Since 
the  system  of  equations  used  for  calculating  the  valuiis  of 
cff..  and  cf>T.^-h  obtained  for  the  zero  pressure  gradient 

case,  It  is  implied  that  the  influence  of  preasure  gradient 
on  cf  is  negligible.  This  is  a  necessary  asaumption  because 
experimental  Information  and  dependable  analytical  relations 
which  describe  the  influence  of  pressure  gradient  on  the  skin 
friction  in  the  transition  region  are  not  yet  available.  An¬ 
other  consideration  is  the  use  of  the  empirical  correlations 
of  the  experimental  data  of  reference  (h),  Figure  5.  Although 
these  data  represent  both  incompressible  and  compressible  flows 
with  and  without  pressure  gradients,  none  of  ths  dsta  examinsd 
were  obtained  under  heat-transfer  conditions.  Despite  this 
fact,  it  la  felt  that  these  correlations  can  be  used  for  boat- 
transfer  cases  because  the  velocity  profile  is  littls  affected 
by  heat  transfer  either  to  or  from  the  surface  (reference  k). 

The  influence  of  heat  transfer  is  taken  into  account,  howevsr, 
in  the  determination  of  (6*/9)q  through  the  temperr.ture  pro¬ 
file  across  the  boundary  layer. 


RISULTB  AND  DISCUSSION 

Zero  Fressurs  Gradient  iUisults 

17.  The  analysis  described  has  been  applied  to  the  Incom¬ 
pressible  flat  plate  data  of  reference  (1)  and  also  to  the 


6 


NAVORD  Report  4438 


cowprARiilblM  finv  data  of  reference  (n).  The  results  of 
these  calculstlooa  are  shovn  In  Figures  6  to  9.  Figures  6 
and  8  show  eoaparisons  between  the  predicted  and  experi- 
■ental  values  of  (d*/4))inc;  tor  each  of  these  cases.  Calcu¬ 
lations  at  the  laRinat'  boundary  layer  region  of  these  sur¬ 
faces  were  not  carried  out.  As  would  be  expected  the  agree- 
went  lx.tveen  the  predicted  and  experinental  values  of  Beg  and 
(d*/0)^QQ  are  good  for  both  cases.  Although  this  is  sore  or 
less  an  anticipated  result  since  the  mpirlcal  correlations 
were  obtained  by  using  these  experinental  data,  it  should  be 
pointed  out  that  the  validity  of  the  assunod  skin-friction 
law  In  the  transition  region  is  verified  because  this  was 
not  obtained  tram  these  data. 


Pressure  Gradient  Results 

18.  Since  it  is  anticipated  that  the  method  for  calculating 
the  boundary- layer  behavior  in  the  transition  region  presented 
herein  will  have  its  grsatsst  usagw  for  bodies  of  revolution 
with  favorable  pressure  gradient  and  heat  transfer,  these 
illustrations  given  in  this  section  will  deal  principally  with 
this  oosibination  of  clroimstances.  It  ahould  be  realized  that 
this  is  the  general  case,  however,  and  deviations  frou  this 
set  of  conditions  such  as  two-dinonsional  flow  or  flows  with¬ 
out  bent  transfer  sre  S|)eolal  cases,  and  the  procedure  describe 
is  sufficiently  general  to  enooupass  nany  conceivable  condition 
Where  Modifications  to  the  procedure  are  needed  to  cover  any 
spaclal  net  of  conditions  as  Mentioned  above,  these  will  be 
mentioned  nnd  the  necessary  changes  Indlonted. 

19.  :in  the  absence  of  detailed  experinental  data  which  can 
bo  us«;d  for  coaparison  purposes,  lliustratious  can  only  be 
given  for  neveral  examples  which  do  not  represent  true  veri¬ 
fications  of  the  procedure. 

30.  As  pointed  out  in  reference  (f),  transition  observations 
in  the  NOL  Pressurised  Range  nre  nade  by  inspecting  shadow^ 
graph  photographs.  The  transition  '^poiat"  is  identified  by 
the  first  appearance  of  turbulence  near  the  body  surface. 

As  pointed  out  in  reference  (f)  this  point  is  assuaed  to  be 
the  end  of  transition  or  the  start  of  fully  turbulent  flow. 
Since  the  point  on  the  body  where  transition  starts  is  pre¬ 
sently  of  great  importance,  a  modifioation  of  the  procedure 
outlined  herein  has  besn  used  to  oaloulate  the  point  on  the 
body  surface  where  transition  starts.  This  procedure  consiets 
of  ansuming  a  point  on  a  given  body  upstream  of  the  observed 
turbulence,  and  initiating  the  transition  region  calculations 
at  this  point.  Thf(  calculations  are  carried  out  until  the 
value  of  A  Res  ae lOOO.  If  this  point  on  the  body  at  which 
this  occurs  oorrssponds  to  the  obsarwed  turbulence  point,  the 
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position  where  the  transition  region  calculations 
are  started  Is  correct.  If  not,  the  calculations  are  then 
repe8l4^d  until  agreeaent  between  the  calculated  end  of 
transition  and  that  observed  in  the  photographs  is  reached. 
This  procedure  is  illustrated  in  Figure  10.  In  this  figure 
the  variation  of  Re@  with  distance  along  the  surface  is  shown 
for  one  of  the  Pressurized  Range  "shots"  reported  in  reference 
(f).  Figures  11  and  12  show  the  results  obtained  fro  two 
addltioiial  firings  nadci  in  the  NOL  Pressurized  Range. 


Transition  Results 

21.  As  pointed  out  previously  the  results  reported  in  refer¬ 
ence  (f)  are  for  the  end  of  transition.  It  Is  of  interest  to 
examine  the  correlation  of  transition  data  presented  In  this 
reference  on  the  basis  of  values  of  Res  at  the  start  of  tran¬ 
sition.  This  is  shown  in  Figure  13,  where  the  variation  of 
Re$  at  the  start  of  transition  is  plotted  as  a  function  of 
the  incompressible  pressure  gradient  paramctei  9^/^^  due/ds. 
It  is  apparent  that  the  trends  indicated  by  the  values  of  Re^ 
at  the  end  of  transition  are  different  than  those  for  the 
start  of  transition  and  the  values  of  Res  at  the  start  of 
transition  are  a  good  deal  lower  than  those  reported  for  the 
end  of  transition, 


CONCLUDING  RENARKS 

22,  A  method  for  calculating  the  development  of  the  boundary 
layer  in  the  region  of  transition  from  laslnar  to  turbulent 
flow  has  been  presented.  This  method  is  based  on  empirical 
correlation  of  a  large  amount  of  velocity  profile  data  In  the 
transition  region  for  inconpressibla  and  compressible  flows 
with  and  without  pressure  gradients,  The  velocity  profile 
correlaticns  are  used  in  conjunction  with  the  boundary- layer 
momentum  equation  to  predict  the  development  of  the  boundary- 
layer  parametera.  A  number  of  exaeplea  are  presented  which 
Illustrate  the  results  obtained  using  the  present  method  and 
also  test  its  validity  for  the  cases  for  which  experimental 
data  are  available,  In  addition,  a  method  is  suggested  for 
calculating  the  position  of  the  start  of  transition  on  a  given 
body  surface  when  the  end  of  transition  is  experimentally 
identified  by  photographic  techniques.  Several  calculations 
illustrating  this  procedure  are  presented. 

23.  The  proposed  method  can  only  be  regarded  as  approximate 
at  the  present  time  because  of  the  paucity  of  detailed  experi¬ 
mental  data  for  verification  purposes.  It  does,  however,  pro^ 
vide  a  basis  for  calculations  and  an  insight  as  to  the  experi¬ 
mental  data  which  are  required  for  modifications  and  refinements. 
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APPriDlX  A 


Calcul^tlott  of  ^assure  Distribution  and 
Lsmiaar  BottncJary-Layar  Xei^^loa 

1.  For  tbe  eusples  presented  herein,  the  pressure  distri* 
butioa  about  a  given  tidy  shape  was  obtained  frc«  either 
esperiaental  data  or  calculated  data  using  the  iu>dified 
Newtonian  flow  concept  (reference  n)«  This  concept  neglects 
the  presence  of  the  shock  wave  in  front  of  a  given  blunt 
body,  and  the  pressure  on  the  surface  is  calculated  free 


^p  Po~PoD 

max  “  Po‘-Pcd“ 


(Al> 


up  to  a  point  along  the  contour  where  the  slope  of  the  pres¬ 
sure  versus  distance  along  the  surface  curve  is  the  saa»  as 
that  obtained  froe  a  two-dinensional  Prandtl -Meyer  expansion 
about  the  surface. 


^Pe 


dpe 


Newtonian 


ds 


Prandtl -Meyer 


(A2) 


2.  This  point  along  the  surface  way  be  predeterained  by 
solving  the  following  equation; 


(A3) 


FroM  the  point  along  the  surface  whore  Kqu^tion  (A3)  is  satisfied 
on  downstream  to  the  end  of  the  body,  the  pressures  are  determined 
using  the  kiforementioned  Prandtl-Meyer  flow  relations,  bowing 
the  pressure  distribution  aro\&nd  the  body,  the  local  flow  con¬ 
ditions  at  any  point  can  be  calculated  using  an  isentropic  ex¬ 
pansion  from  the  stagnation  point. 
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3.  For  tho  laminar  flow  rogiG>n  on  the  euamplen  presented 
herein,  the  compressible  laminar  boundary^ layer  analysis  for 
axlBynmctr ic  flow  given  in  reference  (o),  was  used.  The 
relevant  oquatlo»  for  calculating  Re^  (and  hence  0)  is: 


(A4) 


which  has  been  rearranged  for  the  present  analysis  to  the 
following  fora:  ^ 


Reg* 


1  da 


(A6) 


where 


1  ■ 


fc') 


K  t)-l 


(A6) 


and  A  •  constant  •»  0,44 


j(  r-i> 


Tho  value  of  B  is  dependent  on  the  wall  teaperature  and  is 
detersined  froa  Figvire  4  of  rsfsrence  (o).  Rinas  all  of  the 
flow  properties  outside  the  boundary  layer  are  known  froa 
previous  calculations,  the  dstersinstiun  of  the  value  of  Rag 
at  the  etart  of  transition  ssans  that  the  value  of  9  at  this 
point  oan  be  deduced,  To  deteraine  the  value  of  cy  at  tbia 
point,  the  following  procedure  is  required.  The  value  of  n 
is  deteratned  using 


n 


1 

a  Rs  ® 


^2-  sin  a  <4*  T 

J 


(A7) 


where 
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and  tb«  taIud  of  oaloulAtod  froa 


4.  WteB  twtli  m  aad  mm  mrm  uloulotod  Flturos  l  ud  2  i 
roforoBoo  (o),  mf  bo  used  to  obtain  quantltloo  f.  and 


Sliioa 

/*-  ■ 

tha  valuo  of  Qf^  and  tboraby  qbh  b«  calculated  b;  u 


If  the  heat  tranafer  la  deeired,  thie  caa  be  obtained  i: 
follovlBf  nanner;  caionlate  tht»  ^ralue  of  Ku*  using 

-  jR 

RU" 

L  Jpr^l 


which  lo  turn  ylelda  the  heat-tranafer  coefficient,  h, 
thereby  q  can  be  calculated  fro« 
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The  liBt  needed  quantity  (&^/0)c  can  bo  obtained 


vhero  Sivan  ai  Figure  6  of  reference  <o)  ae  a  func¬ 

tion  of  n  and  b«, 

5.  The  paranetere  neceeiiary  to  atart  the  traneitlon  region 
oaloulations  are  therefore  obtainable  using  thle  procedure 
for  calculating  the  laainar  boundary-layer  behavior. 
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FIG.l  THE  VARIATION  OF  INCOIrfPRESSIBLE  LOCAL  SKIN-FRICTION 
COEFFICIENTS  (Cf)  WITH  MOMENTUM  THICKNESS  REYNOLDS  NUMBER  (Reg) 
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FIG.  2  THE  VARIATION  WITH  Re«  AT  THE  START  OF 
TRANSITION  OF  THE  CONSTANT  APPEARING  IN  THf; 
TRANSITION  REGION  SKIN  FRICTION  FORMULA  FOR 
INCOMPRESSIBLE  FLOW 


FIG.  3  CORRELATION  OF  WITH  Rt.  IN  THE  TRANSITION  REGION 
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FIG.  6  COMPARISON  BETWEEN  CALCULATED  AND  EXf^RiMENTAL 
VALUES  OF  Re^  FOR  INCOMPRESSIBLE  FLAT  PLATE  FLOW 
(DATA  OF  REFERENCE  I) 
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FIG. 7  COMPARISON  BETWEEN  CALCULATED  AND  EXPERIMENTAL 
VALUES  OF  H„^,qFOR  IMCOMPRESSIBLE  FLAT  PLATE  FLOW 
(DATA  OF  REFERENCE  I) 
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FIG.8  COMfWWSON  BETWEEN  CALCUUTED  AND  EXPEfaMENTAL 
VALUES  OF  R«^  FOR  COMPRESSIBLE  ZERO  PRESSURE  GRADIENT  FLOW 

(DATA  OF  REFERENCE  m) 


FI 6.9  COMPARISON  BETWEEN  CALCULATED  AND  EXPERIMENTAL 
VALUES  OF  Hinc  for  COMPRESSIBLE  ZERO  PRESSURE  GRADIENT  FLOW 

(DATA  OF  REFERENCE  rn) 
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RANGE  SHOT  *1704  (DATA  FRCM  REFERENCE  f) 
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VARIATION  OF  Re^  WITH  s  FOR  NOL  PRESSURIZED 
RANGE  SHOT  *1743  (DATA  FROM  REFERENCE  f) 
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FIG.  13  VARIATION  OF  CALCULATED 
VALUES  OF  Re,  AT  THE  START  OF 
TRANSITION  WITH  due/ds  FOR 

NOL  PRESSURIZED  RANGE  DATA 
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1  Aw to:  Cod#  2021 


Chi«f,  APSWP 
Waabiagton  25,  0.  C» 

1  Attn;  DDCu««at  Library  Br. 

CoMiandor ,  ffAOC 
Wright-Patt«*raon  AP  Baa# 

Ohio 

5  Attn;  #iJ051-3 

3  Attn:  NCIUtb 

1  Attn:  #CLQK-3 

1  Diroetor 

Air  UnivoAoivy  Library 
Naxvoll  AF  Baa#>  Alabajaa 

Cowianding  Oonoral 
Ab«k'd#«n  Rroving  Ground,  Bd. 

1  Attn :  Torhnieal  Info,  Br. 

1  Atia:  BaiilMticfi  U«4i  Lab. 

10  ASTIA 

noouMDt  Sorvic#  C«nt#r 
Knolt  Building 
Dayton  2,  Ohio 

NACA 

rii^b  Sp#«d  Flight  Station 
Cox  273 

Idvard#  AF  Baa#r  California 
1  Attn:  Hr,  f.  C,  Villiam. 


Offictr  in  Cbarg#,  NPO 
Dahlgron,  Virginia 
1  Attn;  toobnical  Library 

Offic#,  Cbl#f  of  Ordnanc# 
S«partn^nt  of  th#  Amy 
Va#hifi\gtoa  25,  b.  C* 

1  Atu:  ouyrv 

Offio#  of  tb#  Analatant 
Socrotary  of  Dofon##  (B  and  D) 
Room  311055.  Tb#  fentagoo 
waabington  25,  D«  C. 

1  Attn:  Taobnioal  Library 


NACA 

Am#  Airoi&aut.lcal  laboratory 
Moffott  Fi#ld,  California 

1  Attn:  Ubrarian 

NACA 

Langloy  AoronAUtlcal  Laboratory 
Langl#y  Pl#ld»  Vlrgiala 

2  Attn;  Librai'ian 

1  Attn  Molf  Buoormantt 

1  Attn,  dohii  4V,  s^ack 


No,  of 
ropiga 


No.  of 

NACA 

U3wl«  Plight  Proptiloion  Lab. 
2i0'J0  tlrookpArli  load 
CJevcland  ObAo 

i  Attnt  LibrarUfl 

iHACA 

1512  H  ljtro«i  H.  W. 
fanhlngton  25,  U,  C. 

1  Alin:  liortram  A.  Muloahy 

Chief,  D'lv,  of  lUaearoh 
Inforution 


i 


CuMnandlnu  Offi^jer,  DOPL 
ffaahington  25,  U.  C. 

Attni  LlbrarlAn 

Hoon  2U,  Dulldind 


02 


Office  of  Nav*1  Reaearch 
RuoM  2700,  T-3  Building 
Waahington  k.,  0.  C. 

1  Attn:  Hoad,  Neohanioa  Br. 

Director  of  lntiilliK*noe 
Ueadquartere,  U$AP 
tfanhlngton  25,  D,  C, 

1  Attn;  AFOIN-OB 


I 


1 

2 


Director,  DTHB 
Aerodvnanloa  Laboratory 
Waahington  7,  D.  C. 
Attn:  Library 


Unlveralty  of  California 
Berkeley  A,  California 

Attni  0.  J,  Baalaoh,  20B-T3 
Attni  Dr.  a.  A.  Sebaaf 


1 


Defenae  Reaoaroh  Laboratory 
The  Unlveralty  of  Teaae 
p,  0.  Box  8020 
Auatin  12,  Texiae 

Attn;  H.  0,  Rriok,  Aaet. 


Dir, 


X  Applied  Bath.  Ii  Btatlicioa  Ub, 
Stanford  Univereity 
Stanford,  California 


Unlveralty  of  Michigan 
Willow  Run  Reftearoh  Center 
Wtnnw  Run  Airport 
Ypollanti,  Michigan 

1  Attn:  Librarian 

X  Uijlveraity  of  Michigan 
Ann  Arbor,  Uichigau 

APL/JIIU 

862X  Georgia  Avenite 
Silver  apring,  MaryUad 

2  Attni  Tech,  Rpta.  Group 

The  Ohio  State  Unlvernity 
Reaearoh  Foundation 
Nineteenth  Avenue 
Co' uabua  10,  Ohio 

1  Attn:  Security  Officer 

CIT 

Paaadena  4,  California 
X  Attn:  Aeronaut ioa  Department 

2  Attn:  Jet  propulsion  Utaoratory 

I  Attn:  Ouggenheia  AeronautteaX 

Lab.,  Aeronautioa  Library 

University  of  Minnesota 
Minneapolii,  X4,  Minnssota 
1  Attn:  Mechanical  Eng.  Dept. 

X  BAR 

Aeroject-OenuraX  Corporatinu 
6352  N.  irwindaXa  Avenue 
Aausa,  California 

RAND  Corp. 

1700  Main  Street 
Santa  Monica,  California 
1  Attn:  Ub.;  UBAF  Project  lAMD 

Douglas  Aircraft  Company  Xno. 

Santa  Monica  Division 
3000  ocean  Park  BouXavard 
Santa  Monica,  California 
X  Attn:  Chlaf  Bagiaasr 


Vt).  of 


Ko.  of 
Copies 


1  CO«VA»  Corp. 

A  d1?4  of  COB.  i>rBaalM  Corp. 
OMlBfOI'ffA^^*  Touo 

1  eoNTAlII  Corp.  3 

tea  noio,  CBllfornia 

naltod  Aircraft  Corporatioa 
400  Mala  Mtroot 

Mot  lartford  8.  CoBOootloul:  1 

1  AttBi  Chlof  Ubrarlaa  ^ 

Coraoll  Aaroaautloal  Lab.,  lac. 

P.  0.  MM  238,  4455  (lOBOBBM  8t. 
Buffalo  ai,  No«  fork 
1  Attai  Llbrarlaa 

LowlB  Pllgbt  nropnloloa  Ub.  1 

aiOOO  Brookpark  load 
Clovolaad  11,  Ohio  1 

1  Attai  Chlof.  BuporoMie 

Propulaloa  Mrlaloa 

Amour  Boaoariah  Fouadatloa 
lo  Hoot  35  BtJMt 
Ckloago  16,  llliaola 
a  Attai  Dapt.  M  ^ 

MuMhoa  Alroraft  Coopaap 
Ploroaoo  Avo,  at  Taalo  6t. 

Culrar  Cltp,  CallforaU 
1  Attai  Mr.  Daaa  1.  Johaaoa  1 

B  aad  D  Tbohaleal 
Ubrarp 

1  MoCnaaoll  Alroraft  Corperatloa  1 

p,  0.  Boa  516 
6t,  louia  5,  Blasourl 


a 


OaMTol  Blootrlo  Coapaap 
Miaalloff  »  Ordaaaoo  lyattisLj 

Sll»a*^atattt  6troat 
IBlUMlpbla,  MaaaplraaU 
Attai  Larrp  Chaaaa 

Maaagor,  LAhrary 


i 

a 


XMtMB  Conpuij 

Itevy  Ordttuc*  Dlviilon 
50  1h9t  Itoin  atr««t 
Rocb«at«r  14  p  Wvw  York 
Attnt  Ifer.  V.  il.  ronua 

idOCkkMKi  hirctmii  Corporatioa 
HiMlla  Dlfialoa 

Vu  Nuyvi  California 
Aita:  A.  hy  fi«  filam 

Chiofp  fluid  HaokaBien  Soction 
national  Buroau  of  Btaadirdn 
Yaahiagton  3&i  D.  C. 

Batioaal  Bureau  of  Btandarda 
vaabiuifton  B5.  D,  C« 

Atta:  Appliad  Bath*  Div. 

CoiiBaAdiag  Offioor 

Offioo  of  daval  BaavarvU  &r.  0XX« 

Bon  3B.  Bary  100 

n#«t  ftMt  Offioa 

Bav  Torkp  Ba«  York 

LugUy  Aaronautioal  Lakoratovy 
Lnnglay  fialdf  Yiniaia 

Attn:  Thaoratioal  Aarodynan.DiVp 

Cam  loatitut*  of  Tookaolofy 
Cl«re?.«.pd  <yHio 
Attai  0.  Kuarii 

BMaaokuBotta  laatituto  of  Took, 
Caabridga  BB.  Haaa» 

Attai  ffola  Joaapk  Eayo 
Boon  1-913 

Tha  dokaa  Boakiaa  oaivaraity 
Charloa  Mtd  l4tk  Btraota 
AaltlMva  1B»  ItarylajMi 

ttta;  1«.  fraaoia  M.  Claaaor 

DlrMtoa' 

iMt.  fov  rittld  OpauilM  aad 
Appllod  Batkomtiu 
OBlYoralty  of  Marylaad 
Colloco  Bark,  Marylaad 


Ho.  of 
C0pt«6 


Ho.  of 
Ceplaa 


3 


2 


I 

I 

I 

1 


8 


1 


1 

1 

i 

\ 

I 

1 

1 


I 


CoMiltn<llnB  Offioar  Md 
Dlrflctor 

IMvtd  T»ylor  Mod«l  MWfQ 
Washlnston  7,  D.  C. 

Attn:  Hydrodynamic*  Ub, 

Knd  DovmlopMDt  Board 
Pintaaon  3D1041 
Vafhlngton  35,  D,  C. 

Attn:  Library  Branch 

Jat  propulalon  Ub. 

CIT 

4800  Oak  Orova  Drive 
Maadana  3,  California 
Attni  F.  *.  Ooddara,  Jr. 
Attn:  Df.  V.  P.  wagaaar 
Attn:  Hr.  J.  Uufar 
Attnt  Mr.  D,  B.  Urta 


CIT 

Paaadana 

Attnt 

Attat 
Attn  I 
Attn  I 
Attni 
Attni 
Attni 


4,  California 
Librarian  (Oufianhaln 
Aaro.  L*t>.) 

Mr.  L,  uaa 
Prof,  M.  I.  Plaanat 
or.  H.  «.  Llapunn 
Mr.  A.  Boahho 
Or,  D,  Colaa 
Mr,  Batlaii  Dha»nn 


Ualvaralty  of  llllnoin 
ao3  B.  Bi  B.  L. 


Urbana, 

Attni 


llllnola 

prof,  A.  H.  Taub 


Caabrldga  30,  Maaaachuaattn 
Attni  Projaot  Mataor 
Attni  prof.  0,  Btavar 
Attni  Prof.  Doan 
Attni  Mr.  J.  Baron 
Attni  Mr,  M.  Bvaanay,  Jr, 
Attni  prof.  B.  Balaonor 
AtUi  duldad  MlMllan  Library 


Cod*  3783  (BP) 

Room  3I34A,  Mvnltlona  Bldg. 
Havy  Dapartnant 
Waanlngton  88,  D.  C. 

Attni  Mr.  L.  Llcolnl 


1 


1 

1 

1 

1 


I 


1 

1 


1 


1 


I 


1 


X 


M*«  York  Unlvaralty 
45  Fourth  Avanvw 
Ma*  York  3,  Baa  York 
Attni  Prof,  B.  Coui'aat 

Polytaohnlo  laatltut*  of 
Brook Ijn 

587  Atlantia  Ava. 
Fraaport,  Baa  York 
Aitni  Dr.  A.  Farri 
Attni  Pro*.  M.  J.  Hoff 
AV,tnt  Dr.  H.  Blooa 
AtVL:  Dr,  P.  Libby 


AaroJat-Oanarul  Corp, 

6358  North  Iraia^dala  Ava. 
Aiuaa,  California 

Attni  BuAar  Bapraaantatlva 


Harvard  Univaraity 
Caabridga  3B,  Haaaaahuaatta 
Attni  prof,  0.  Birkholf 
Attni  Prof.  M,  voa  Miaan 


Hiaail*  Aaro,  Dapartaant 
Hugh**  Aircraft  Co. 

Culvar  Civ-y,  California 
Attni  Ur.  A.  B,  Puokatt 

Baginaaring  Baa.  Inat. 

Bnat  BaBinaarlng  Bldg, 

Ann  Arbor,  Miohigan 
Attni  Dir.  of  Xoing  Ban. 


Th*  Artillary  Sohool 
Aatl->Airor*ft  k  Ouidad  Mlaaila* 

Brnnoh 

Fort  Bliaa,  Tanan 
Attni  Ban.  fc  AnaXyaU  Bao. 

•roan  Onivaraity 
Oiv,  of  Ittfr. 

Providaaoa,  Ihoda  Jaland 
Attni  »rof,  I.  f.  Probatala 

Oavalo^nt  Baation 
Chanoa-Vougkt  Alrornf.t 
Dallna,  ‘Paius 

Attni  Dn.  B.  B.  Bilnon 


